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Abstract 
This paper deals with condition monitoring of electrical discharge machining (EDM) with two electrode feeding devices. An electrode feeding 
device for micro-hole electrical discharge machining by using AZARASHI (Seal) mechanism has been proposed. The conditions of the gap 
between a tool electrode and workpiece were classified into 6 states based on the gap voltage and current: (a) open-circuit, (b) charge, (c) 
normal discharge, (d) continuous arc, (e) abnormal discharge and (f) short-circuit. In addition, the transitions among them were clarified. The 
machining performance in the case of using a single electrode was compared with that in the case of using two electrodes. The machining time 
in both cases was the same because the number of the normal discharge was almost the same. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
Electrical discharge machining (EDM) is appropriate for 
micro shape machining, especially small holes [1, 2]. Because 
vaporization of a workpiece and pressure of the evaporation of 
working fluid by discharge heat causes the removal, the 
reaction force is very small. A thin tool electrode heavily 
wears in small-hole machining. Consequently, fast tool servo 
devices are preferable for the improvement of EDM 
performance. Some electrode feeding devices have been 
proposed as a solution [3, 4]. Recently, the authors have also 
proposed an electrode feeding device by using AZARASHI 
(Seal) mechanism [5, 6]. This mechanism has the same 
performance as one with an inchworm-like motor [3]. 
Many small-holes are often machined into a small 
mechanical component. Concurrent machining with multiple 
machining devices is required for the reduction of the total 
machining time. The electrode feeding device with 
AZARASHI mechanism has been applied to concurrent EDM 
[7]. 
The evaluation of EDM performance is very important to 
improve, stabilize and clarify the machining process. For 
these purposes, gap conditions were often monitored [8]. Yan 
et al. classified the gap conditions into normal discharge, 
abnormal arc, open-circuit and short-circuit based on the gap 
voltage and discharge current in a discharge circuit by using 
MOS-FET as a switching device. This real-time monitoring 
system was applied to a wire EDM [9]. Kuo et al. focused on 
the ringing effect caused by a parasitic inductance and 
inherent capacitance of the discharge circuit. The sampling 
time was set to 0.5 ns to acquire fast phenomena [10]. Smith 
et al. monitored the discharge distribution during EDM by 
acoustic emission [11]. Neural networks by the back- or feed-
forward propagation were used to handle complex phenomena 
in EDM [12, 13].  Cabanes et al. detected the wire breakage in 
wire EDM by on-line monitoring [14]. 
In this paper, the gap states during concurrent EDM with 
the electrode feeding devices employing AZARASHI 
mechanism were monitored and counted. In addition, the 
performance of the concurrent EDM is compared with that in 
the case of using a single device. 
 Published by Elsevi r B.V. Open access under CC BY-NC-ND license. 
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The electrode feeding device measures 81 mm × 16 mm × 
32 mm and its driving principle is based on AZARASHI 
mechanism [6]. A 0.2-mm tool electrode was fed forward and 
backward by a combination of the extension and contraction 
of piezoelectric actuators. 
2.2. Machining conditions 
Table 1 shows conditions for single and concurrent EDM. 
The values of capacitance and resistor were determined to 
avoid the continuous arc. Because the feeding devices were 
small and driven with stacked piezoelectric actuators, the 
driving frequency is much higher than general die-sinking 
electrical discharge machines. The conditions for the electrode 
feeding were determined based on the frequency response [6]. 
The electrode was stably fed at a coarse driving frequency of 
400 Hz. 
Table 1. Machining conditions. 
Open-gap voltage 100 V 
Discharge circuit Capacitance circuit Capacitance: 0.033 ȝF, Resistor: 50 ȍ
Switching frequency of discharge 
circuit 200 kHz, 80% 
Electrode Tungsten ࢥ0.2 mm, (-) 
Workpiece SUS304 t0.4 mm 
Coarse feeding frequency 400 Hz 
Coarse feeding step 7 ȝm 
Fine feeding step Forward 0.35 ȝm 
Fine feeding step Backward 0.7 ȝm 
Cut-off frequency of low pass filter 27 kHz 
Control frequency 11.5 kHz 
3. Classification of gap states 
The gap states were classified based on measured voltage 
and current. Then the transitions among them were classified. 
3.1. Measured gap voltage and discharge current 
Figure 3 shows an example of the open-circuit. Although 
the gap voltage was high enough, the gap did not break down 
or the gap length was long so that the discharge did not occur. 
The gap voltage was equal to the applied voltage with the 
power supply. In another case, the current did not flow while 
the MOS-FET turned off. Therefore, the open-circuit resulted 
from no current in the case of the high gap voltage. 
 
 
Fig. 3. Open-circuit. 
Figure 4 shows examples of the normal discharge and 
charge to the capacitance. 
The gap state is the normal discharge between the times A 
and B in Fig. 4. The gap usually broke down at a high gap 
voltage then a large discharge current flew. Because the gap 
did not immediately recover, the discharge current flew also 
in reverse. The resistance of the electric wire to the electrode 
and workpiece determines the peak value of the reverse 
current. The inductance of the electric wire and the 
capacitance determines the pulse width. The gap voltage is 
generally 20-30 V. 
The capacitance was charged between the times B and C. 
When the gap was recovered from a breakdown after a 
discharge, the charge to the capacitance began. The gap 
voltage rose 89% of the applied voltage at twice of the time 
constant, which is determined by the product of resistance by 
the capacitance. Then the gap voltage was seldom increased. 
Accordingly, the gap state is discriminated as the charge 
below 89 V. Because the current transformers were inserted in 
the discharge circuit, the measured current during the charge 
was zero. 
 
   
Fig. 4. Normal discharge and charge. 
Figure 5 shows an example of the continuous arc. A 
discharge continues after the gap voltage dropped. The current 
in the continuous arc was smaller than that in the normal 
discharge. When the resistance is small and the inductance is 
large, the discharge easily occurs and continues at a low 
voltage. Because the voltage is dropped at the resistance by 
the discharge current, the gap voltage is low. Consequently, 
the molten bit of the workpiece is not removed, and this 
causes roughening of the workpiece surface and welding 
between the electrode and workpiece. 
 
  
Fig. 5. Continuous arc. 
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Figure 6 shows an example of the abnormal discharge. 
When the MOS-FET turned off, the discharge circuit is 
disconnected from the DC power supply and the gap voltage 
did not rise. The electric charge remained in the capacitance 
sometimes caused the discharge. This state was different from 
the continuous arc because the voltage was not applied. 
 
a     
b    
Fig. 6. Abnormal discharge; (a) voltage and current; (b) gate voltage of MOS-
FET. 
Figure 7 shows an example of the short-circuit. When the 
electrode touched the workpiece, the gap voltage was 0 V and 
the current was restricted by the resistor. While the discharge 
current is disconnected by turning off of the MOS-FET, the 
current is zero. 
3.2. Transition of gap state 
Based on the observations above, the gap states are 
classified into six: (a) open-circuit, (b) charge, (c) normal 
discharge, (d) continuous arc, (e) abnormal discharge and (f) 
short-circuit. 
 
 
Fig. 7. Short-circuit. 
Figure 8 shows a summary of the gap states with transitions 
of the gap voltage and current in the time domain together 
with the applied voltage by switching the MOS-FET. A state 
definitely changes into certain states. Both the charge and 
open-circuit do not contribute the removal because no current 
flows in the gap. The open-circuit and charge states spend a 
long time. 
Figure 9 shows the range of each state under the machining 
conditions shown in Table 1. Each threshold voltage and 
current was determined based on the experiments. The 
thresholds of the voltage between open-circuit and charge, and 
the current between charge and short-circuit depend on the 
applied voltage and the resistor. The others are independent 
from the conditions. The normal discharge, continuous arc and 
short-circuit are discriminated by the gap voltage. In the range 
over a gap voltage of 19 V and a current of 1.2 A, both normal 
and abnormal discharge occur and they are discriminated by 
the switching signal of the MOS-FET. Because the states were 
continuously changed, transition states across some range 
were ignored. To prevent from noise, the negative margins of 
the voltage and current detection were set to -5 V and -0.1 A, 
respectively. 
 
 
  
Fig. 8. Gap voltage and current during EDM with transitions. 
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Fig. 9. Ranges of gap state. 
Figure 10 shows the transition diagram of the gap states. 
The extension of the gap length leads the transitions indicated 
by dashed lines. The other transitions indicated by solid lines 
occur even if the electrode is stationary. 
The voltage and current measured with the oscilloscope 
were analyzed as a post process. The program was written in 
C language based on the voltage and current thresholds, and 
the state transition diagram. 
 
  
Fig. 10. Transitions diagram of gap state (solid lines: all conditions, dashed 
lines: by retracting electrode). 
4. Machining experiments 
4.1. Single electrode 
Figure 11 (a) shows an example of electrode feeding 
during EDM with a single electrode. The removal rates in the 
first and second halves were 13 and 10 ȝm/s, respectively. 
Figure 11 (b) shows frequencies of gap states for 5 s. The 
number of the normal discharge in the first half was 1.35 
times larger than that in the second half. This caused the 
difference of the removal rates between them. The gap length 
was increased from 9.0 to 12.8 ȝm with an increase of debris 
density in the hole. 
 
a    
b   
Fig. 11. EDM with single electrode (a) Displacement of electrode; (b) 
Frequencies of each state. 
4.2. Comparison of single electrode and concurrent EDM 
The performance of concurrent EDM was compared with 
that in the case of using a single electrode. Figure 12 shows 
the gap voltage and piercing signals at each electrode feeding 
device. The beginning and end of EDM were detected by the 
change of the gap voltage and the piercing detection signal, 
respectively. When each hole was completely pierced, the 
piercing detection signal becomes zero as mentioned in 
Section 2.1 and the gap voltage was 100 V which is the open-
circuit state. Because the feeding speed of the electrode 
without discharge was 100 times faster than that during EDM, 
the rough initial positions of the electrodes did not affect the 
machining time. Because the electrode feeding devices have 
independent discharge circuit and the controller was fast, they 
worked independently.  
Table 2 shows the comparison of the average machining 
time of 5 holes. The machining time was the same in both 
cases. The vibration generated by the clamping motions of the 
electrode in the x-direction sometimes affected the machining 
performance of another electrode feeding device. Figure 13 
shows the number of each gap state. The number of the 
normal discharge was the same in both cases. The variation of 
the electrode feeding step of 7 ȝm caused the machining time. 
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a   
b   
Fig. 12. Gap voltage and piercing detection; (a) Electrode feeding device 1; 
(b) Electrode feeding device 2. 
Table 2. Results of machining. 
 Single 
Device 1 
Concurrent 
Device 1 Device 2 
Machining time s 36 38 37 
Diameter in X ȝm 224 225 222 
Diameter in Y ȝm 215 215 215 
Diameter difference ȝm 9 10 7 
 
5. Conclusions 
The gap states during concurrent EDM with the electrode 
feeding devices employing AZARASHI mechanism were 
analyzed. Conclusions can be drawn as follows.  
x The gap states were classified into the open-circuit, charge, 
normal discharge, continuous arc, abnormal discharge and 
short-circuit by the gap voltage and discharge current. 
x The performance by the concurrent EDM was the same as 
that with a single electrode by comparing the frequencies 
of the gap states. 
x It was cleared by the gap state detection that the removal 
rate depended on the ratio of the normal discharge to the 
total pulses. 
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Fig. 13. Frequencies of each state in single electrode and concurrent EDM. 
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